suffering from hallucinations and/or delusions of influto be misinterpretations of their own inner voice as ence have difficulties in the distinction of self-produced an external voice, the common denominator being and externally produced actions [4-6]. that self-produced information is perceived as if comIn order to investigate the mechanisms underlying ing from outside. If this interpretation were correct, these disorders of agency, we investigated the ability of we might expect that schizophrenia patients might schizophrenia patients to discriminate between retinal also attribute the sensory consequences of their own image motion resulting either from their own smootheye movements to the environment rather than to pursuit eye movements or from external motion sources. themselves, challenging the percept of a stable world.
. According to this model, the motor system can be considered a control system with the input being a "desired state" and the output being the "actual state estimate." On the basis of these two representations, the system specifies a sequence of motor commands in order to reach a certain goal. For example, during smooth pursuit of a moving target (see left sketch), subjects try to stabilize the retinal image of the moving object on the fovea to improve vision (desired state). To achieve this goal, appropriate motor commands have to be generated. This process depends on feedback control. By comparison of the desired and the actually estimated state, a motor error, which is fed back to the system to improve its functioning (solid lines), can be calculated. Moreover, the system makes predictions on the outcome of our behavior on the basis of a given motor command ("predicted state"). Such predictions can be used for feed-forward control (central monitoring) of the movement (dotted lines) but also to remove sensory feedback that is self produced (dashed lines). By the latter comparison, self-agency can be attributed to sensory events: If the predicted state matches the estimated actual state, the afferent information is selfproduced, whereas if these signals do not match, the difference must be attributed to the environment. Accordingly, we perceive a pursued object as moving while the world (randomdot background) appears to be stationary. (B) By varying the speed of a structured background during horizontal smooth pursuit, we determined the amount of image motion necessary to render this background perceptually stationary (50% rightward and 50% leftward answers). The larger the deviation of this point of subjective stationarity from the optimum of 0°/s, the less precise the compensation of the self-induced background-image motion, namely the compensated reafference (CR). (C) The amount of compensated reafference (CR) is plotted as a function of target velocity and separately for the groups of schizophrenia patients and healthy controls. In addition, we show the grand average for both groups as well as a comparison of the subgroup of patients suffering from delusions of influence versus their matched controls. Error bars indicate 95% confidence intervals. pensate the percept of residual background motion, smooth-pursuit performance between controls and the patient group. rendering the background stationary (compare Figure  1B) . In other words, at this point of subjective stationarWe measured the CR for each individual subject in the two groups for three different target velocities (3.4°/s, ity (PSS), the amount of external velocity of the background equals the amount of motion perceived during 6.8°/s, and 13.6°/s). The mean values of each group are depicted in Figure 1C . As is obvious from this figure, pursuit across a stationary background. Having determined the background velocity at the PSS, we could CR values of both groups, patients (57%, grand average) and controls (71%), were significantly smaller calculate the fraction of self-induced retinal image slip, compensated for by the sensory predictor. The size of than the optimum of 100%. This poor performance in healthy subjects might be surprising at first glance. this "compensated reafference" (CR) is given by equation (1):
However, this result simply reflects the fact that the ability to compensate for the retinal consequences of CR = [V reafference − V extern ] / V reafference (1) smooth pursuit under laboratory conditions is sufficient only if the conditions mimic those prevailing in a natural V extern represents the external velocity (V) of the environment. For instance, backgrounds that are conbackground at the PSS, whereas V reafference reflects the siderably smaller than a full visual field and are, morefull amount of self-induced image motion and is given over, presented only shortly, as in our experiment, are by the velocity of the smooth-pursuit eye movement.
known to result in a nonoptimal compensation of selfAccording to equation (1), the closer V extern at the PSS induced image slip [e.g., 11]. More important than the is to the optimal value of 0°/sec (stationarity), the better absolute size of compensation for the configuration the compensation (CR approaching 100%). On the given is the question of whether there might be differother hand, if the PSS equals eye velocity, (i.e., V extern = ences in performance between healthy controls and V reafference ), there is no compensation at all (CR = 0%). schizophrenia patients. Although there was a tendency Note that this measure is independent of the actual eye for the patients to compensate less than the controls, velocity and therefore can be compared for different target velocities irrespectively of possible differences in this difference (14%) did not reach significance for any ments and thus offers a simple model to gauge the In order to test this finding more rigorously, we peravailability of reliable sensory predictions in schizoformed a regression analysis within the group of phrenia patients [9, 10] . Although the group of schizoschizophrenia patients as a whole. Such a within-group phrenia patients as a whole did not deviate from the analysis has the advantage that nonspecific effects group of healthy controls in any of the perceptual and caused by medication, effects that differed only minibehavioral measures considered, those patients suffermally between patients, can be ruled out. Thus, we ing from delusions of influence were more impaired in correlated specific aspects of our patients' psychopapredicting the visual consequences of their eye movethology as assessed by the Scale for Assessment of ments the more they suffered from this kind of self-disPositive Symptoms (SAPS, see Experimental Procedures) with our four task-specific perceptual and beturbance. 
B) Delusions (score II, SAPS) plotted as a function of the deviation of the compensated reafference (CR). Note that the two factors exhibit a highly significant correlation (compare with [A]).
A possible concern could be that the close relationally based on movements (and their sensory consequences) that were fed back visually to the subjects ship between delusions of influence and impaired perceptual compensation of smooth-pursuit-induced imwith well-defined distortions. The question was whether subjects were able to detect these distortions and how age motion, as described here, might actually be the consequence of common dependencies of both on a accurate self-attribution judgments were made. Visual feedback on the action (hand and finger movements, third functionality. Specifically, both might be independent expressions of a more global cognitive dysfuncreaching, drawing, etc.) was manipulated in the spatial and the temporal domain [5, 6, 19-21]. Thus, rather tion. On the other hand, in view of the frequent accounts of disturbed-pursuit eye movements [e.g., 12] than estimating sensory predictions or the outcome of their comparison with the actual afferent signal-as it and deficits in visual-motion processing [e.g., 13, 14] in schizophrenia patients, the impaired perceptual comwas done here-all of these previous studies measured detection thresholds: Schizophrenia patients always pensation during pursuit might be secondary to disturbances of these more elementary functional modules.
had problems in recognizing feedback manipulations and tended to attribute what they saw to their own We think that these concerns can be dispelled. First, it has been shown convincingly that self-monitoring defiagency, even if sensory feedback information was clearly different from the action they performed. This behavior, cits in schizophrenia patients are not correlated with widespread, general disturbances of cognitive funcwhich was termed "hyperassociation" or "overattribution," cannot be explained by the comparator mechations [15, 16] . Second, the amount of delusions did not show any significant dependency on smooth-pursuit nism-if patients are not able to form representations of the predicted sensory consequences of their actions, gain or the visual perception of coherent motion in the absence of eye movements in our study. The lack of they should misattribute self-produced sensory information to external sources rather than exhibit hyperassuch correlations most likely reflects the individual psychopathology of our patients, who predominantly exsociations. However, such overattribution might simply reflect the indispensability of the comparator mechahibit positive symptoms: There seems to be no interrelation between these symptoms and the initiation and nism: Subtle distortions of visual feedback on selfmovements, as applied in the aforementioned studies maintenance of smooth-pursuit eye movements [17] and thus the underlying processing of visual motion 
